Due to its high efficiency and superior durability, the diesel engine is again becoming a prime candidate for future light-duty vehicle applications within the United States. While in Europe the overall diesel share exceeds 40%, the current diesel share in the United States is 1%. Despite the current situation and the very stringent Tier 2 emission standards, efforts are being made to introduce the diesel engine back into the U.S. market. In order to succeed, these vehicles have to comply with emissions standards over a 120,000 miles distance while maintaining their excellent fuel economy. The availability of technologies-such as high-pressure, common-rail fuel systems; low-sulfur diesel fuel; oxides of nitrogen (NO x ) adsorber catalysts or NACs; and diesel particle filters (DPFs)-allow the development of powertrain systems that have the potential to comply with the light-duty Tier 2 emission requirements. In support of this, the U.S. Department of Energy (DOE) teamed with industry to engage in several testing projects under the Advanced Petroleum Based FuelsDiesel Emission Controls (APBF-DEC) activity [1; 2; 5; 6; 7; 8]. Three of the APBF-DEC projects evaluated the sulfur tolerance and durability of NAC/DPF systems on various platforms, and one evaluated the performance and durability of a selective catalytic reduction (SCR) system in heavy-duty engines.
This project investigated the performance of the emission control system and system desulfurization effects on regulated and unregulated emissions in a light-duty diesel engine. Emissions measurements were conducted over the Federal Test Procedure (FTP), the US06 [an aggressive chassis dynamometer emissions test procedure, part of the Supplemental Federal Test Procedure (SFTP)], and the Highway Fuel Economy Test (HFET). Testing was conducted after the accumulation of 150 hours of engine operation calculated to be the equivalent of approximately 8, 200 miles. For these evaluations, three out of six of the FTP test cycles were within the 50,000-mile Tier 2 bin 5 emission standards [0.05 g/mi NO x and 0.01 g/mi particulate matter (PM)]. Emissions over the SC03 (airconditioning test) portion of the SFTP were within limits of the 4,000-mile SFTP standards. Emissions of NO x +NMHC (non-methane hydrocarbons) exceeded the 4,000-mile SFTP standards over the US06 portion of the SFTP. Testing was also conducted after the accumulation of 1,000 hours of engine operation calculated to be the equivalent of approximately 50,000 miles. The results were reported in [7] 2005-01-1755. Recalibrated drivability maps resulted in more repeatable NO x emissions from cycle to cycle. The NO x level was below the Tier 2 emission limits for 50,000 and 120,000 miles. NMHC emissions were found at a level outside the limit for 120,000 miles.
INTRODUCTION
The NAC/DPF concept has shown promising results on a light-duty platform with a new, but degreened emission control system. The platform development process and the control strategies were already discussed as part of an SAE paper published 2004 and 2005 [1; 7] . Following this development phase, an aging process with a target of 2,200 hours was initiated. The 2,200 hours represent the useful lifetime of the emission control system (equivalent to 120,000 miles). Details regarding the aging procedure and the emission control systems are provided in following sections.
The aging process was interrupted by evaluation cycles to monitor system performance. Cold and hot UDDS (Urban Dynamometer Driving Schedule -the first two bags of the FTP-75) simulations as well as US06 and HFET cycle simulations, were tested repeatedly throughout the aging process to gain statistical confidence in the emission results. In addition to the engine dynamometer test cell transient cycles, the emission control system was tested on the vehicle at the U.S. Environmental Protection Agency National Vehicle and Fuel Emissions Laboratory (EPA-NVFEL) in Ann Arbor, Michigan, over the FTP, US06, HFET, and SC03.
PROGRAM OBJECTIVES
The main objective of the APBF-DEC activity is to investigate the sulfur tolerance and durability of different aftertreatment systems such as the NAC/DPF combination. An additional project has been initiated under this activity to evaluate SCR technologies.
An integral part of the program is to demonstrate the capability of a state-of-the-art engine and emission control system (ECS) combination to achieve the Tier 2 Bin 5 emission levels. Figure 1 illustrates several different emission regulation limits, as well as the certification level for the base vehicle, along with the optimized engine-out emissions level for the project vehicle with the FEV prototype engine installed. With the improved engine-out calibration, the ECS requirements to achieve Tier 2 Bin 5 levels correspond to 82% NO x conversion efficiency and 83% PM reduction. The ECS was aged up to 2,200 hours with a fuel sulfur level of 15 ppm to allow an assessment of its impact on the durability of the systems. The detailed fuel specifications for this project are presented in Appendix A. 
HARDWARE DEFINITION
As the hardware definition was discussed in great detail in the preceding publications [1; 2; 7] , the following chapters include the main specifications in tabular form.
ENGINE HARDWARE
The engine used in this project was designed to accommodate the increased demands of emission reduction development. The crankcase, crankshaft, and connecting rods are mass-production parts. The cylinder head and the pistons are proprietary components developed by FEV Engine Technology specifically for emission reduction applications. Table 1 More detailed vehicle data are listed in Table 2 . Figure 3 illustrates the fully instrumented emission control system, which comprised a close-coupled precatalyst, underbody catalyst, and the DPF (arrangement described from left to right). 
TESTING AND AGING CYCLES

ENGINE DYNAMOMETER TEST CELL AGING CYCLE
This aging protocol was based on the simulated adaptation of the LA92 driving cycle, a higher speed and high-acceleration cycle, which is also referred to as the Unified Cycle. This cycle includes a high percentile of inuse driving conditions and is more aggressive than the FTP-75 with higher speed, higher acceleration, fewer stops, and less idle time. The second main goal was a 10-minute cycle duration so that no single-speed load point was held for any extended period of time. The cycle was repeated until the accumulated time for the evaluation tests was reached. FEV proposed additional evaluation points during the aging procedure itself in order to allow continuous assessment of the catalyst performance.
This driving cycle was transformed into 14 steady-state points that were operated consecutively for 43 seconds, each resulting in the desired 10-minute cycle. During the evaluation tests of this cycle, it became apparent that the temperature profile that the ECS was exposed to was much higher than during the driving cycle itself. Therefore, the points with temperatures above 450°C were moved towards higher engine speed and lower load to decrease the catalyst inlet temperature while maintaining the same fuel flow. Table 4 shows the resulting operating points that are used in the aging cycle. Based on the effective power output of the engine and the vehicle specific data the respective calculated vehicle speed during each operating condition could be calculated from the following equation:
As the residence time during each of the operating points was known as well as the time spent during the evaluation cycles, an accurate assessment of the overall distance could be calculated. With the aging time of 2,200 hours the distance was approximately 120,000 miles.
VEHICLE CHASSIS DYNAMOMETER TEST CELL CYCLES
During the evaluations on the vehicle chassis dynamometer, four cycles were tested:
1. UDDS/LA4 (Bag 1 and Bag 2 of the FTP-75 Cycle) 2. US06 3. HFET 4. SC03. Table 5 lists the details regarding length, average speed, and maximum speed for each cycle. 
VEHICLE CHASSIS DYNAMOMETER TEST CELL
Vehicle testing was conducted at the EPA-NVFEL in Ann Arbor, Michigan. The vehicle was tested using a 48"-diameter single-roll, electric chassis dynamometer. Table 6 contains a summary of the analytical systems used for the vehicle tests. 
TEST RESULTS
ENGINE DYNAMOMETER TEST CELL
During the course of aging, the catalyst system was evaluated frequently in order to assess its degradation in performance due to sulfur poisoning and thermal aging. The initial tests were performed at 0 hours with fresh catalysts. The subsequent test series were performed before and after the desulfurization events at 150 and 300 hours of aging. After the 300-hour mark the desulfurization/evaluation cycle frequency was increased to every 100 hours up to 1600 hours of aging. Starting at 1,600 hours, desulfurizations and evaluations were performed every 50 hours.
The average NO x emission results are displayed in Figure 5 . Tier 2 Bin 5 useful life standards are included for reference and appear as a horizontal lines (intermediate and useful life standards).
Cold-and hot-start UDDS (or LA4) cycles were performed at the aging marks depicted in Figure 5 . Due to the steep increase in pre-desulfurization NO x, the desulfurization frequency was increased after the 1,600-hour mark to every 50 hours.
The composite FTP emissions, which comprised 43% cold-start emissions and 57% hot-start emissions, are illustrated in Figure 6 . Note that some of the evaluations consisted only of replicate hot UDDS cycles.
With the increased desulfurization frequency the composite FTP tailpipe NO x emissions post desulfurization after 2,200 hours could be maintained below the emission standard for 120,000 miles of 0.07 g/mile. A detailed statistical analysis of NO x emissions results from the test cell is discussed in the 'STATISTICAL ANALYSIS' chapter.
The bars represent the average NOx numbers while the circles above and in the bars show the maximum and minimum numbers for the associated procedure. Figure  4 shows an example of the setup of each emissions graph. As illustrated by the data in Figure 7 , the PM emissions were low through out most of the 2200 hours of aging of the ECS. There were two instances where the composite PM emissions were above the emission standard of 0.01 g/mi. These higher emission numbers were a result of a high-soluble organic fraction on the cold UDDS filters. After a DPF failure during the 1,000-hour vehicle tests, the DPF was replaced, and the aging was continued. The performance of the new DPF remained at the high level as observed with the first DPF.
The remaining UDDS-regulated emissions and fuel economy results, as well as the results for the US06 and HFET simulation cycles, are presented in Appendix B. , 50,000, and 120,000 odometer miles, respectively) of aging the ECS was installed on the project vehicle and tested at the EPA-NVFEL in Ann Arbor, Michigan. The matrix of tests performed on the chassis dynamometer is shown in Table 7 . For the 120,000-mile emission test, day 5 and 6 were omitted as the SFTP results for 120,000 miles were of lower priority for the project, furthermore useful life requirements over the SFTP do not exist. At the 150-hour test, the vehicle performance over the cold UDDS cycle resulted in highly variable NOx emissions. Consequently some effort was subsequently undertaken to improve the drivability of the vehicle on the chassis dynamometer; this resulted in more stable NO x emissions during the 1,000-hour evaluation. As a result of a DPF failure after the first day of testing, the PM numbers increased steadily throughout the test series. In order to assess the emission control performance for the remaining emissions the DPF was not replaced after the failure became apparent. NMHC as well as CO show an increase between 150 and 1,000 hours of aging. The emission level for the 2,200-hour testing was found on a slightly higher level as during the 1,000-hour testing.
The composite test results show the NO x reduction potential for the developed concept. Throughout the aging it was possible to keep the NO x emissions on a level below the Tier 2 Bin 5 emission standard. The average of the FTP composite NO x emissions was found at 0.07 g/mi after 120,000 miles of aging. The THC emissions are the only species that exceed the emission standard of Tier 2 Bin 5 but remains below the Bin 8 standard. 
STATISTICAL ANALYSIS
Statistical analyses were performed to characterize trends in emissions levels over the 2,200 hours of testing. Two sets of data were used in this analysis: (1) Data collected between 300 and 1,600 hours when desulfurizations were performed every 100 hours, and (2) data collected after 1,600 hours when desulfurizations were performed every 50 hours. The limited data collected prior to 300 hours, based on 150-hour cycles, were not included in the trend analysis. To account for the evaluations consisting of only the hot UDDS cycles, an imputation method was developed to estimate the cold UDDS and resulting FTP composite NO x emissions results. The statistical analysis is based on a combination of imputed and actual FTP composite results. Figure 13 illustrates the degradation in catalyst performance between desulfurizations and the effectiveness of the desulfurization process at restoring performance. A log-linear model was fit to estimate average trends and evaluate statistical significance. The upper graph demonstrates that the average loss in NO x reduction efficiency (FTP composite) between desulfurizations varies 15% to 35% prior to 1,600 hours. After the desulfurization strategy changed at 1,600 hours, the loss in NO x reduction efficiency was generally 10%. There was a slight drop between 1,800 and 2,000 hours that could not be explained.
The lower graph demonstrates that prior to 1600 hours there is an increase in average NO x reduction efficiency of 10% to 35% at each desulfurization event. After 1,600 hours, there is on average a 10% improvement in NO x reduction efficiency at each desulfurization event, with a higher trend between 1,800 and 2,000 hours. Combined these graphs indicate that the performance of the desulfurization process was relatively unstable with the 100-hour desulfurization strategy, but was quite consistent with the 50-hour desulfurization strategy. 
Age (hours) NOX Reduction Efficiency
Difference (Po st-P re) Difference Trend Figure 13 : NO x Reduction Efficiency Behavior over Time Figure 14 shows the trends in FTP composite NO x reduction efficiency relative to engine-out emissions using two sets of data: Data collected between 300 and 1,600 hours under the 100-hour aging cycle and data collected between 1,600 and 2,200 hours under the 50-hour aging cycle. To account for the effects of the desulfurization process, separate log-linear models were fit to three subsets of NO x emissions data: (1) measurements made before a desulfurization event, (2) measurements made after a desulfurization event, and (3) the average of measurements made at the beginning (post-desulfurization) and end (pre-desulfurization) of each aging period. The latter results plotted at the midpoint of the aging period represent the best estimate of the average emissions over time; however, we could not verify that the increase in NO x emissions within an aging period is linear. The trend in post-desulfurization emissions was not found to be statistically significant. However, the loglinear regression analyses demonstrated that there were statistically significant trends in both the average and pre-desulferization NO x emissions when the desulfurization strategy is based on 100-hour aging cycles. Because of the curvature in the trends, we performed additional analyses to determine if there were any persistent trends in the emissions results over time. This was accomplished by iteratively truncating the leftmost data from each of the three data sets, then refitting the regression model, and evaluating the significance of the regression slope parameter. Through this process, we determined that when the analysis is applied to data collected between 700 and 1600 hours, we cannot demonstrate that the average and pre-desulfurization trends were statistically significant.
None of the regression lines shown in Figure 14 , based on the 50-hour desulfurization data, were found to have statistically significant trends.
A similar analysis strategy was applied to the observed fuel efficiency and CO, PM, HC emissions results; however; because there were no statistically significant differences between pre-and post-desulfurization results for these parameters, there was no advantage to using the imputation method to characterize trends. Fuel efficiency trends were found to be statistically significant; however when the analysis is restricted to data collected after 400 hours, the trend is no longer significant. There were no observed trends in the pre-and postdesulfurization results for any of the observed emissions.
CONCLUSION
The developed integrated concept, which incorporates software and hardware solutions, shows considerable potential meeting future emission standards. Important aspects during the development were the modifications of the test engine and the engine-out emissions optimization. With the adjusted engine-out emissions level, the exhaust aftertreatment interventions were defined, developed, and refined. Due to the large portion of cold-start emissions, the rapid warm-up strategy, allowing fast catalyst light-off, was optimized. DPF and desulfurization regeneration strategies were developed focusing on catalyst lifetime durability and fuel consumption.
The development of the concept was concluded by a useful lifetime aging process. As expected the tailpipe NOx emissions continuously increased. The desulfurization procedure reversed the sulfur poisoning to an extent that allowed meeting the emission standards throughout the aging duration. It was found that the desulfurization frequency needed to be increased throughout the useful life, while the first 250 hours did not indicate significant sulfur poisoning, considerable emissions performance degradation was observed towards the end of the useful life aging process. The frequency of the desulfurization was increased and the tailpipe NOx emissions remained below the emissions standard after this procedure.
There are remaining challenges that need to be addressed, such as the increase in HC emissions over catalyst life.
APPENDIX A: FUEL PROPERTIES
The base fuel used in this study is an ultra-low sulfur (0.6-ppm) fuel with properties that are representative of diesel fuels used in the United States, except for its sulfur content. Table A-1 summarizes the properties of the fuel. To achieve higher sulfur levels, without otherwise impacting other fuel properties, a mixture of the sulfur containing compounds (listed in Table A -2) typically found in diesel fuel is doped into the base fuel. The dopant mixture contains a variety of classes of sulfur containing molecules that are in the same boiling range as diesel fuel, with an emphasis on thiophenes. Careful addition of this dopant mixture yields fuels containing 8-and 15-ppm sulfur for use in the catalyst aging experiments that follow this development activity. 
